INTRODUCTION
Ionizing radiation is used in the treatment of cancer to induce death of malignant tumor cells by apoptosis, and radiation-induced apoptosis is believed to be one of the major mechanisms of radiation-induced cell death. Ionizing radiation damages many cell organelles through the production of free radicals. 1) Hydroxyl radicals play a major role in radiation-induced cell damage, and also induce apoptotic cell death through activation of a pro-apoptosis pathway. 2, 3) The apoptotic process, or cascade, is strictly regulated by various internal and external signals, and it involves a number of key molecules. Among these, the caspase family of cysteine proteases is crucially involved in both the initiation and the final execution of apoptosis. 4) Caspase activation can be initiated by two distinct mechanisms; one mediated by cell surface receptors 5) and the other by mitochondrial factors. 6) In each case, activation of a proximal caspase, such as caspase-8 for receptor-mediated apoptosis and caspase-9 for mitochondrial-mediated apoptosis, results in a cascade where downstream caspases are activated. In a death receptor apoptotic pathway, caspase-8 is the most upstream enzyme, and activated caspase-8 directly activates caspase-3. 7, 8) In addition, caspase-8 can cleave BH3 interacting domain death agonist (Bid); the truncated Bid interacts with proapoptotic protein Bax, and the accumulation of Bax in mitochondria promotes cytochrome c release. [9] [10] [11] The apoptotic signaling pathway culminates in the activation of executioner caspases, such as caspase-3, that cleave structural and metabolic cell proteins, resulting in cell death. 12) One of the best-characterized caspase activation cascades is triggered by death receptors, a subset of cytokine receptors of the tumor necrosis factor (TNF) family. The death receptors share a common intracellular domain, the death domain, which confers the ability to induce apoptosis. The death domain binds to the intracellular adaptor Fas-associat-ed death domain (FADD). 13, 14) The Fas receptor and ligand have been suggested to be important in membrane damage during ionizing radiation-induced apoptosis, although some studies have contradicted this assertion. 15) However, lymphocytes from transgenic mice that over-express a FADD dominant-negative molecule are resistant to Fas-induced apoptosis but not to ionizing radiation-induced apoptosis, suggesting that death receptors are not involved in ionizing radiation-induced apoptosis. 16) On the other hand, non-cytokine-mediated cellular stresses such as UV or chemical reagents can initiate apoptosis through mitochondrial release of cytochrome c . 17) Cytochrome c binds to the adaptor molecule apoptosis proteaseactivating factor-1 (Apaf-1), and the Apaf-1-cytochrome c complex promotes activation of procaspase-9.
18) Activated caspase-9 initiates downstream processing of caspases. In addition, because caspase-9 is required downstream of the tumor suppressor p53 for p53-mediated apoptosis, 19, 20) caspase-9 has become an important cancer target. Especially in UV-induced apoptosis, caspase-9 exerts a role as primary initiator in apoptosis of immortalized human keratinocyte HaCaT cells carrying two mutant p53 alleles, 21) whereas in human breast cancer MCF-7 cells, which carry functional p53, UV-induced apoptosis occurs independently of cytochrome c and caspase-9.
22) However, the mechanism by which ionizing radiation initiates the apoptotic cascade in malignant tumor cells remains unclear.
To increase our understanding of the mechanism by which ionizing radiation triggers apoptosis, we examined differences in the apoptotic cascade in human leukemia HL60 cells, which are p53 null, after exposure to radiation or hydrogen peroxide (H 2 O 2 ). The results showed that H 2 O 2 -induced apoptosis predominantly utilizes caspase-8, whereas ionizing radiation-induced apoptosis is mediated independently of caspase-8, even though similar quantities of hydroxyl radical were produced. Additionally, H 2 O 2 -induced apoptosis indicates accumulation of Bax in the mitochondrial membrane without truncation of Bid in the cytosol of HL60 cells. These findings suggest that, at least in HL60 cells, the intrinsic pathway of the apoptotic cascade may differ between apoptosis induced by ionizing radiation or by H 2 O 2 .
MATERIALS AND METHODS

Materials
RPMI 1640 medium and fetal bovine serum were purchased from Life Technologies (Grand Island, NY). Carbobenzoxy-IETD-fluoromethyl ketone (Z-IETD-FMK) and DNA oxidative damage kit were from Kamiya Biochemical (Seattle, WA). Z-Leu-Glu-His-Asp-FMK (LEHD-FMK) and Z-Asp-Glu-Val-Asp-FMK (DEVD-FMK) were from Medical & Biological Laboratories Co., Ltd (Nagoya, Japan). Cellular DNA fragmentation ELISA kit was from Roche Diagnostics (Mannheim, Germany). Polyclonal Rabbit antihuman Bax antibody was obtained from PharMingen International (San Diego, CA), monoclonal mouse anti-human cytochrome c antibody from ProSci Inc. (Poway, CA), and rabbit anti-human Bid monoclonal antibody from Sigma (St. Louis, MO). Horseradish peroxidase-conjugated sheep antimouse and donkey anti-rabbit Ig F(ab') 2 fragments were purchased from Amersham Pharmacia Biotech (Piscataway, NJ), and ECL western blotting detection reagents were from Amersham Biosciences (Buckinghamshire, England). Block Ace, a blocking solution for immunoblotting, was purchased from Dainippon Pharmaceuticals (Osaka, Japan). Colorimetric assay kits of caspase-3, -8 and -9 activities were from BioVision (Palo Alto, CA). Diethylenetriaminepentaacetic acid (DETAPAC) was from Wako Pure Chemical Industries (Osaka, Japan), and 5,5-dimethyl-1-pyrroline N-oxide (DMPO) was from Labotec Corporation (Tokyo, Japan). Protein assay kits were obtained from Pierce (Rockford, IL) and Bio-Rad (Hercules, CA). All other reagents were obtained from Wako Pure Chemical Industries and Sigma.
Cell culture and cell viability assay HL60 cells were grown on 100 mm culture dishes in RPMI 1640 medium supplemented with 10% fetal bovine serum at 37 ° C in 5% CO 2 /air. The cells were subcultured every third day, and the density in culture was not allowed to exceed 1 × 10 6 cells/ml. HL60 cells were adjusted to a concentration of 5 x 10 5 cells /ml before exposure to radiation or H 2 O 2 , and the cells were stained with 2% trypan blue for 1 min and counted in each experiment to estimate unstained cell suspensions in 1ml growth medium as a viable cell number within 2 min.
Exposure to X-rays and H 2 O 2
Dishes or microtiter plates containing HL60 cells were exposed to X-rays from a soft X-ray machine (SOFRON BST-1500 CX; Sofron, Tokyo, Japan) under the following conditions: tube voltage, 120 kvp; tube current, 5 mA; FSD, 30 cm; dose rate, 1 Gy/min; room temperature. The dose and dose rate were estimated with a Fricke chemical dosimeter. H 2 O 2 was added to HL60 cells, which were then incubated for the same length of time as the X-ray exposure group. When the viability of HL60 cells was tested at increasing doses of radiation or H 2 O 2 , there was no significant difference in the number of survival cells between the 4 Gy radiation and the 0.1 mM H 2 O 2 treatments (Fig. 2) . Therefore, for analysis of the apoptotic pathway, HL60 cells were treated by 4 Gy radiation or 0.1 mM H 2 O 2 . The cells were treated with 0.1 mM H 2 O 2 for 4 min because it took 4 min for a 4 Gy radiation treatment. After treatment, the cells were rinsed with freshly prepared culture medium alone, and reincubated to reveal apoptosis. 
Electron paramagnetic resonance (EPR) measurements
The EPR technique with DMPO as the spin trap was used to detect free radical generation. DETAPAC was used to chelate metal ions. One hundred microliters of culture medium, 35 µ l of DETAPAC and 15 µ l of DMPO (final concentration: 750 mM) were placed in a test tube and then exposed to radiation or H 2 O 2 . Measurement of free radicals was performed with an EPR spectrometer (JES-FR80; JEOL, Tokyo, Japan) under the following conditions: frequency, 9.40 GHz; power, 8 mW; center field, 334.5 mT; sweep width, ± 10.0 mT; modulation width, 0.5 × 0.1 mT; receiver gain, 0.4 × 100; time constant, 0.1 s; sweep time, 2.0 min; temperature, room temperature. Relative signal intensity (RSI) was defined as the ratio of peak height of hydroxyl radicals to that of a manganese oxide standard marker after recording the EPR spectra.
23)
DNA damage and ladder analysis
Quantification of abasic (apurinic/apyrimidinic, AP) sites resulting from oxidative damage to DNA was performed photometrically with a DNA oxidative damage kit. DNA samples were prepared according to the procedure of Sellins and Cohen. 24) HL60 cells (5 × 10 7 ) were treated with 4 Gy irradiation or 0.1 mM H 2 O 2 and harvested by gentle centrifugation 10 min after exposure. The cells were incubated for 20 min in a buffer containing 10 mM Tris, 1 mM EDTA and 0.2% Triton X-100 on ice, and then centrifuged at 10,000 g for 10 min. The supernatant was incubated for 30 min at 37 ° C with 0.5 µ g/ml proteinase K and then precipitated overnight with an equal volume of isopropanol and 20% total volume of 5 M NaCl. After centrifugation, the pellets were air-dried and resuspended in 10 mM Tris/1 mM EDTA (TE) buffer. The concentration of DNA was determined with a spectrophotometer and adjusted to 100 µ g/ml. Ten microliters of DNA and 10 µ l of aldehyde reactive probe (ARP) were mixed and incubated for 60 min at 37 ° C. The ARPlabeled DNA was washed twice with TE buffer, and 2.26 µ g/ ml of purified ARP-labeled DNA was then transferred to each well of a microtiter plate (kit accessory). Horseradish peroxidase-conjugated streptavidin (150 µ l) was added, and the plate was incubated for 60 min at 37 ° C. After washing the plate, an accessory substrate solution was added for 60 min at 37 ° C. The reaction product of the ARP and the AP sites was determined at a wavelength of 650 nm. For detection of the DNA ladder, cells treated with 4 Gy radiation or 0.1 mM H 2 O 2 were lysed 24 h after exposure as described above. DNA was precipitated with ethanol and loaded onto 1% agarose electrophoresis gels. DNA fragments were visualized by staining with ethidium bromide.
DNA fragmentation assay by ELISA
This assay is based on quantification of accumulation of DNA fragments in the cytoplasm of apoptotic cells. The accumulation was determined with a cellular DNA fragmentation ELISA kit according to the manufacturer's protocol. Exponentially growing HL60 cells (5 × 10 5 ) were incubated with 10 µ M 5'-bromo-2'-deoxyuridine (BrdU) overnight at 37 ° C, and rinsed twice with BrdU-free medium by centrifugation at 200 g for 10 min. After 2 h exposure to radiation, the cells were collected by centrifugation at 250 g for 10 min. The cells (1.5 × 10 4 ) were then lysed in 0.05% Triton X-100 for 30 min at 4 ° C and centrifuged at 12,000 g for 30 min at 4 ° C. The supernatants (100 µ l) were added to the wells of a microtiter plate that had been pre-coated with anti-DNA antibody and were incubated with peroxidase-conjugated anti-BrdU monoclonal antibody (100 µ l) for 90 min at room temperature. The activity of peroxidase bound was determined photometrically at 450 nm with 3,3'-5,5'-tetramethylbenzidine (TMB) as the substrate.
3)
Caspase activity assay
Activities of caspase-3, -8 and -9 were measured using colorimetric assay kits according to manufacturer's instructions. The assay is based on spectrophotometric detection of the chromophore p-nitroanilide (pNA) after cleavage from the labeled substrate that recognizes optimal tetrapeptide sequence of individual activation site. Briefly, HL60 cells (6 × 10 6 ) exposed to 4 Gy radiation or 0.1 mM H 2 O 2 were incubated for the indicated times before harvesting. The cells were lysed in cell lysis buffer for 10 min on ice and were centrifuged at 10,000 g for 1 min at 4 ° C. Cell lysates (200 µg protein/100 µl reaction buffer) were incubated with 5 µl of 4 mM substrate (200 µM final concentration) specific for caspase-3, -8 and -9 for 2 h at 37°C. Specific substrate was DEVD-pNA for caspase-3, IETD-pNA for caspase-8 or LEHD-pNA for caspase-9. The pNA light emission was quantified using a microtiter plate reader at 405 nm.
Specific inhibitor of caspases
To determine the involvement of caspase-3, -8 and -9 in proapoptotic activity, a specific inhibitor of each caspase, DEVD-FMK, Z-IETD-FMK and LEHD-FMK (2 µM) respectively, was added just before exposure to radiation or H2O2. For the controls, a vehicle of DMSO was added at a final concentration of 0.1 µM. The effects of these inhibitors were estimated by DNA fragmentation up to 8 h and cell viability 24 h after treatment, as described above.
Western blot analysis
HL60 cells exposed to radiation or H2O2 were chased up to 6 h and subjected to immunoblot analysis. Cells were collected by centrifugation and resuspended in 500 µl of isotonic lysis buffer (210 mM sucrose, 70 mM mannitol, 10 mM HEPES, pH 7.4, 1 mM EDTA) containing 1 mM phenylmethylsulfonyl fluoride and protease inhibitor cocktail. After homogenization with a sonicator, cell lysates were centrifuged at 800 g to removed cell debris. Supernatants were then centrifuged at 1,000 g to discard nuclei. The postnuclear supernatant was centrifuged at 10,000 g for 10 min at 4°C to pellet the mitochondria-enriched heavy membrane fraction. The supernatant was further centrifuged at 100,000 g for 20 min at 4°C to obtain cytosolic fraction. The membrane fractions were resuspended in 30 µl of 0.5% Triton X-100 in isotonic lysis buffer containing protease inhibitors for 10 min at 4°C to release membrane and organelle bound soluble proteins including mitochondrial cytochrome c. 25) Protein concentration was determined by a protein assay kit (Bio-Rad).
The proteins (10 µg/lane) were then loaded onto 10% SDS-polyacrylamide gels, and then transferred onto polyvinylidene difluoride membrane (Immobilon-P; Millipore, Bedford, MA) in a tank blotter. The membrane was blocked with Block Ace containing 0.1% Tween-20 overnight at 4°C, and then incubated with primary antibody (1:1,000 dilution with 10% Block Ace) for 2 h at room temperature. The blots were rinsed with 10% Block Ace (5 × 10 min), incubated with horseradish peroxidase-conjugated secondary antibody (1:5,000 dilution with 10% Block Ace) for 60 min at room temperature, and rinsed again. The immunoreactive bands were visualized with an ECL detection kit.
Statistical analysis
All data are expressed as means ± SD of at least three independent experiments. Statistical comparisons between groups were performed by analysis of variance (ANOVA) and Student's t test (P < 0.01).
RESULTS
Free radical generation differs between radiation and H 2 O 2 treatments
Cell culture medium was subjected to EPR spectroscopy after exposure to X-rays or H2O2, revealing that hydroxyl and hydrogen radicals were generated in the culture medium 3 . Relative signal intensity (RSI) of generated hydroxyl radicals, defined as the ratio of peak height of hydroxyl radicals to that of a manganese oxide standard marker. The RSI in 4 Gy radiation (Rad) is significantly higher than that in 0.1 mM H2O2. (Fig. 1.) . After exposure to 8 Gy X-rays, nine-peak signals of the DMPO-H adduct resulting from hydrogen radicals and eaq-could be observed, whereas the 1:2:2:1 quartet of DMPO-OH was shown by four-peak signals having hyperfine coupling constants of αN = 17.75 G and αH = 21.6 G. After exposure to 1 mM H2O2, four-peak signals of the DMPO-H adduct was observed, whereas the 1:2:2:1 quartet of DMPO-OH was shown by a four-line spectrum having hyperfine coupling constants of αN = 17.76 G and αH = 21.6 G. The results in EPR spectroscopic observation showed four-peak signals of hydroxyl radical (OH*) in medium exposed to radiation and H2O2, indicating that the quality of OH* has no difference between radiation and H2O2.
Cell viability assay
Cell count at 24 h after exposure showed that the number of viable cells decreased at a rate depending on the radiation dose and H2O2 concentration (Fig. 2.) . The viable cell count of HL60 cells 24 h after exposure to 0.1 mM H2O2 corresponded to that with 4 Gy radiation. However, when the RSIs of the hydroxyl radicals in the medium were plotted, the RSI even after 4 Gy radiation was significantly higher than that in the control and H2O2-treated groups (Fig. 3) . Therefore, 4 Gy radiation or 0.1 mM H 2O2 treatment was used in experiments described below. 
Radiation immediately induces formation of abasic sites but delays accumulation of DNA fragments
Fragmentation of genomic DNA 6 h after exposure could be demonstrated as a ladder on agarose gel electrophoresis (Fig. 4a) . Next, we determined the effects of free radicals on oxidative damage and fragmentation of genomic DNA, because AP sites are one of the major types of DNA damage generated immediately by reactive oxygen species and the fragmentation of genomic DNA is believed to be one of the most striking characteristics of apoptosis. Quantitative analysis showed increased DNA fragmentation up to 6 h after exposure to radiation or H2O2 (Fig. 4b) . However, compared with H2O2, radiation resulted in delayed accumulation of DNA fragments early after exposure. The amounts of AP sites measured 10 min after exposure to radiation or H2O2 are shown in Fig. 4c . The amount of AP sites generated immediately after exposure to radiation was significantly greater than that after exposure to H2O2.
Main apoptotic cascade for radiation is cytochrome cdependent but not caspase-8/Bid/Bax-independent
The proximal pathway of the apoptotic cascade was examined by caspase activity assay of HL60 cells treated under the same conditions as described above for analysis of DNA fragmentation. Activation of caspase-3 in HL60 cells was dramatically increased 2 to 4 h after exposure to radiation. After exposure to H 2 O 2 , activation of caspase-3 occurred 2 hours earlier than after radiation, at time course similar to that of DNA fragmentation (Fig. 5a) . In H2O2-treated HL60 cells, caspase-8, which exists in upstream of caspase-3, showed higher activity than that in radiationtreated cells during the experimental periods (Fig. 5b) . Activity of caspase-9 gradually increased both in radiationand in H2O2-treated cells (Fig. 5c) . But an increase 4 h after exposure to radiation was compared with that 2 h after H2O2 treatment. Additionally, when cytochrome c was separately detected in cytosolic and mitochondria-enriched heavy membrane (MMF) fractions by Western blots, the cytosol of HL60 cells presented an apparent band of 16 kDa 2 to 6 h after treatment of radiation or H 2O2, and the mitochondrial membrane-bound cytochrome c decreased during the experimental periods (Fig. 5d) . Bax in MMF did not change after exposure to radiation, while exposure to H2O2 induced an accumulation of Bax 2 to 6 h after the treatment. However, Bid did not change in the cytosolic extracts from irradiated or H2O2-treated cells.
Caspase-8 inhibitor prevents induction of apoptosis by H 2 O 2 but the preventive effect is seen in radiationinduced apoptosis
To determine the involvement of caspase-3, -8 and -9 in apoptosis of HL60 cells after exposure to radiation or H2O2, we examined the effects of specific inhibitors, DEVD-FMK for caspase-3, Z-IETD-FMK for caspase-8 and LEHD-FMK for caspase-9, on DNA fragmentation and cell viability ( Fig.  6 and 7) . Whereas the caspase-8 inhibitor did not affect DNA fragmentation in irradiated cells but significantly decreased DNA fragmentation in H2O2-treated cells, the other inhibitors decreased DNA fragmentation in both irradiated and H2O2-treated cells (Fig. 6) . As measured by cell via- bility, the caspase-8 inhibitor significantly prevented induction of apoptosis by exposure to H2O2, whereas the protective effect was not found in HL60 cells treated with radiation (Fig. 7) . The caspase-3 inhibitor prevented apoptosis both in irradiated and H2O2-treated cells. The caspase-9 inhibitor also decreased the number of apoptotic cells, but the preventive effect was smaller than that of the caspase-3 inhibitor.
DISCUSSION
Hydrogen peroxide (H2O2) has been reported to induce apoptosis in a large variety of cell types, including HL60 cells. 26) However, the experimental conditions used to investigate the apoptosis-inducing effect of H2O2 appear to be heterogeneous, and concentrations of H2O2 varying from 10 µM to 8 mM have been reported. 27) Prior to the current study, we confirmed that DNA fragmentation compared with control HL60 cells appeared at concentrations ranging from 10 µM to 5 mM, and simultaneously that necrotic changes in ultrastructure appeared at H2O2 concentrations of >3 mM (not shown). In the present study, EPR spectroscopic observation showed similar qualities of hydroxyl radicals in radiation and H 2 O 2 . It is well known that hydroxyl radicals play a major role in cell damage and induce apoptotic cell death through activation of a pro-apoptotic pathway. We have previously shown that the RSIs of hydroxyl radicals are correlated with the amount of fragmentation of genomic DNA and apoptotic cell death in the same system that generated hydroxyl radicals.
3) However, the amount of hydroxyl radicals generated differed greatly after exposure to 4 Gy radiation or 0.1 mM H 2O2 (Fig. 3) . Nevertheless, the viability of HL60 cells 24 h after exposure was similar for both treatments, indicating that 4 Gy radiation is almost as effective as 0.1 mM H2O2 in inducing apoptosis in HL60 cells. Therefore, we presumed the difference of caspase activation cascade between radiation and H2O2 treatments When accumulation of cytosolic histone-bound DNA fragments was quantified with a commercial ELISA kit for up to 8 h after exposure, the time-course curves were similar after treatment with radiation or H2O2, and reached a peak 6 h after exposure. However, the initial accumulation (2 h after treatment) of DNA fragments was delayed in radiationexposed HL60 cells compared with H2O2-exposed cells. Conversely, formation of AP sites immediately (10 min) after exposure in irradiated cells was significantly and markedly higher than that in H2O2-treated cells. These findings suggest that release of free bases from DNA resulting from oxidative attack by hydroxyl radicals is faster after radiation exposure than after H2O2 exposure, and probably that the mechanism by which DNA is fragmented at the level of oligonucleosomes by endogenous endonuclease might differ between irradiated and H2O2-treated cells at the initial stage of apoptotic induction. For instance, recent study has reported that DNA strand breaks increased immediately following irradiation are completely repaired by 30 min after the treatment and that events at the level of the mitochondria are critically involved in radiation-induced apoptosis. 28) Therefore, repair of DNA stand breaks might be involved in the delayed accumulation of DNA fragments in radiation.
We colorimetrically measured activities of caspases-3, -8 and -9, in order to examine the caspase activation cascade including mitochondrial pathway during the peak period (6 h) of DNA fragmentation. Activity of caspase-3 increased in both irradiated and H2O2-treated HL60 cells during the experimental periods. However, activity of caspase-3 significantly increased 2 h after exposure to H 2O2, whereas it indicated an increase 4 h after exposure to radiation, compared with an increase 2 h after H2O2 treatment. Therefore, the increased accumulation of DNA fragments at 2 h after H2O2 treatment may be due to apoptosis, which as executioner caspase-3 activates, occurs faster following exposure to H2O2. This may be further supported by release of cytochrome c from mitochondria to cytosol and the increased activities of caspase-8 and caspase-9 at 2 h after exposure of H2O2.
Caspase-8 showed high activity from 2 h to 6 h after exposure to H2O2, but increased activation was not found in irradiated cells (Fig. 5b) . When caspase-8 activation in irradiated or H2O2-treated HL60 cells was specifically inhibited by Z-IETD-FMK, the inhibitor did not affect accumulation of DNA fragmentation throughout the experiment period in irradiated cells. Moreover, the viable cell count in the radiation group 24 h after treatment of Z-IETD-FMK was comparable to the group treated by the control vehicle. In the apoptotic cascade, caspase-8 is the most upstream enzyme mediating death receptor apoptosis pathways, 7) and its activation propagates the apoptotic signal by activating executioner caspases such as caspase-3. [29] [30] [31] In the caspase signaling cascade, caspase-8 is activated by proteolytic cleavage significantly earlier than downstream caspase-3, 7) and activated caspase-8 directly activates caspase-3. 8) In addition, as active caspase-9 is involved in activation of caspase-3, 21, 32, 33) activation of caspase-9 in H2O2-induced apoptosis of HL60 cells may be associated with amplified activation of caspase-3. Taken together, the present results suggest that caspase-8 may be a principal mediator of H2O2-induced apoptosis, but cell surface receptor-mediated signals, transduced by FADD or caspase-8, are not essential for radiation-induced apoptotic pathways.
34) The latter is supported by some reports suggesting that, since caspase-8 (deficient) cells had only slightly reduced sensitivity to radiation and overexpression of a caspase-8 inhibitor did not reduce radiosensitivity, [35] [36] [37] caspase-8 activation is a marginal event for radiation induced apoptosis.
A possible explanation for the observations on radiationinduced apoptosis may be a mitochondria-mediated apoptosis cascade. The ability of mitochondria to initiate apoptosis is dependent on the release of cytochrome c.
2) Mitochondria convey an apoptotic signal that leads, via the release of cytochrome c, to the activation of the adaptor molecule apoptosis protease-activating factor-1 (Apaf-1). Cytochrome c binds to Apaf-1, and the Apaf-1-cytochrome c complex promotes activation of procaspase-9. 18 ) Detectable activation of caspase-9 occurs within 30 min of addition of cytochrome c, 33) and caspase-9 can activate executioner caspases and trigger apoptosis. 29) In the present study, the western blot analysis of cytochrome c and the activity assay of caspases strongly indicate the involvement of cytochrome c and caspase-9 in radiation-induced apoptosis of HL60 cells. However, even 6 h after exposure, increased caspase-8 activation did not occur in radiation-induced apoptosis, an observation supported by the lack of effect of the specific caspase-8 inhibitor Z-IETD-FMK on this process. This implies that radiation-induced apoptosis is mediated by activation of caspase-3 via the release of cytochrome c from mitochondria and activation of caspase-9, independently of caspase-8.
Caspase-8, in addition to activation of caspase-3, has the ability to cleave BH3 interacting domain death agonist (Bid), and the truncated Bid interacts with the pro-apoptotic protein Bax. [9] [10] [11] The Bid-induced conformational change of Bax induces the release of cytochrome c from mitochondria to cytosol via translocation of Bax from cytosol to the mitochondrial membrane. However, in this study irradiated cells did not show an accumulation of Bax in MMF and a decrease of Bid in the cytosol. These results support a caspase-8-independent apoptotic cascade of HL60 cells induced by radiation. However, further investigation is needed to determine a mechanism by which radiation induces the release of cytochrome c from mitochondria.
Pro-and anti-apoptotic members of the Bcl-2 family, known as Bax and Bid, regulate the release of cytochrome c, and the deregulated expression of these proteins is known to result in aberrant apoptotic responses. 38, 39) However, in spite of this, it should be noted that Bid did not change in cytosol of HL60 cells undergoing H2O2-induced apoptosis and Bax accumulated in the mitochondrial membrane of HL60 cells 2 to 6 h after being treated with 0.1 mM H2O2. Human leukemia HL60 cells are mutated in the tumor suppressor p53 that directly induces Bax upregulation, 40) and certain sarcoma cells containing that induction of Bax can occur independently of p53. 41) Interestingly, recent studies have reported caspase-independent conformational change of Bax and subsequent recruitment of Bax from cytosol to mitochondria in an acidic intracellular milieu of HL60 cells with treatment of 0.1 mM H2O2. 42, 43) In addition, a general caspase inhibitor, ZVAD-FMK, does not affect Bax translocation from cytosol to mitochondria. 42) Against our expectations, twenty-four hours after exposure to H2O2, caspase-9 inhibitor (LEHD-FMK) did not rescue the cell death of HL60 cells (Fig. 7c) . This indicates that the principal apoptotic cascade in H2O2-treated HL60 cells may be a signaling pathway involving caspase-8. However, how H2O2 activates pro-caspase-8 remains unclear.
We integrated the present results into the scheme in Fig.  8 . The release of cytochrome c into cytosol, and the subsequent activation of caspase-9, mediates radiation-induced apoptosis. On the other hand, H2O2-induced apoptotic cascades consist of two signal pathways: one is the mitochondria-dependent activation of caspase-9 and caspase-3 via translocation of Bax to mitochondria, independent of truncation of Bid by activated caspase-8, and the other dependent on activation of caspase-8 that would directly activate procaspase-3. Although the present study was not able to define the mechanism by which ionizing radiation initiates the apoptotic cascade, this information may be valuable in the future investigation of radiotherapy to prevent proliferation and metastasis of tumor cells. Fig. 8 . Possible signaling pathway for radiation-or H2O2-induced apoptosis. Left: Release of cytochrome c and activation of caspase-9 is an apoptotic signaling pathway for radiation-induced apoptosis. The apoptotic cascade does not involve caspase-8. Right: Two signaling pathways, depending on activation of caspase-8 and caspase-9, are involved in H2O2-induced apoptosis. One is dependent on caspase-8 activation that is able to activate procaspase-3 directly. The other is dependent on activation of caspase-9 via translocation of Bax to mitochondria independently of caspase-8 and Bid.
